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Heterogeneity in the lipooligosaccharides (LOS) of pathogenic Haemophilus and Neisseria species is evident from the multiplicity of components observed with electrophoretic analyses. Knowledge of the precise structures that make up these diverse LOS molecules is clearly the key to reaching an understanding of pathogenic processes such as phase variation and molecular mimicry. Except for a few cases, little is known about the specific structural features of LOS that underlie phase variation and molecular mimicry, partly because of the inherent difficulties in the structural elucidation of these complex glycolipids. In the lipopolysaccharides (LPS) from Sabnonefla typhimurium and Escherichia coli, rough, or R-type, mutants have been isolated that have provided insight into the biosynthetic pathways and associated genetics that control LPS expression. Nonetheless, recent work has shown that these R-type LPS are more complex than originally thought, and significant heterogeneity is still observed, primarily in their phosphorylation states. In order to investigate the structures of LPS and LOS in a more rapid fashion, we have determined the precise molecular weights of LOS (and LPS) preparations from various Haemophilus, Neisseria, and Sabnonella species by electrospray ionization-mass spectrometry. The LOS (or LPS) were first O-deacylated under mild hydrazine conditions to remove O-linked esters primarily from the lipid A portion. Under negative-ion conditions, the O-deacylated LOS yield abundant multiply deprotonated molecular ions, (M -nH)Y-, where n refers to the number of protons removed and therefore determines the absolute charge state, n = z. Mass spectra from different LOS and LPS preparations have provided detailed information concerning the structural basis for LOS (and LPS) heterogeneity and corresponding saccharide compositions. The identification of sialic acid in the LOS of Haemophilus and Neisseria species and the variable phosphorylation of the core of S. typhimurium LPS have afforded insights into the biosynthetic pathways used by these organisms. Information of this type is important for understanding the underlying genetic and environmental factors controlling LOS and LPS expression.
Lipopolysaccharides (LPS) are one of the major outermembrane constituents of all gram-negative bacteria. These glycolipids play key roles in the biology of these organisms (40) and have been found to be important virulence factors in pathogenic species (6, 8, 11) . LPS are made up of a largely conserved lipid A moiety and a variable polysaccharide built up of repeating saccharide units off a much smaller core oligosaccharide (8, 50) . These two regions are linked together through one or more acidic sugars identified as 3-deoxy-D-manno-2-octulosonic acid (KDO). The sensitivity of the KDO glycosidic linkage to mild acid has been routinely exploited to prepare and isolate separate pools of lipid A and polysaccharide for structural analysis (49) . Rarely, however, are structural studies of the intact LPS carried out, with the noted exception of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, which remains the primary analytical tool for LPS molecular weight determination. SDS-PAGE analyses of LPS from numerous bacterial species have shown them to be heterogeneous populations with ladderlike molecular weight distri-polysaccharide polymerization (32, 50) .
Despite this generalized characterization of LPS, a subpopulation of LPS molecules exists in any population of LPS from an enteric organism that lacks the 0 antigen (12). These unsubstituted, or core, glycolipids are more hydrophobic than complete LPS molecules, and mutant bacteria that lack the ability to attach the 0 polysaccharide to the core LPS aggregate in aqueous solutions to form rough suspensions (23) . The importance of these core LPS populations in wild-type bacterial populations remains unclear. It may be that they are merely incomplete structural intermediates, but recent evidence suggests that they are products of alternative biosynthetic pathways (22) . In support of this latter possibility is the recent appreciation that a number of nonenteric gram-negative bacteria make only R-type LPS, lacking the polysaccharide structures that have been used to commonly define LPS serotypes in enteric species. Our own work as well as that of others on the structures of LPS from pathogenic Neisseria (9, 10, 16, 51) and Haemophilus (13, 28, 37) (25, 39) . The removal of these groups makes the LOS amenable to mass spectrometric analysis, presumably by increasing their water solubility and decreasing their propensity to aggregate in solution (39) . (13) . Briefly, 0.5 to 2 mg of LOS was incubated with 100 to 200 ,ul of anhydrous hydrazine for 20 min at 370C. The samples were cooled to -20'C, and 0.5 to 1 ml of chilled acetone was added dropwise to precipitate the O-deacylated LOS. The sample vials were then centrifuged at 12,000 x g for 20 min at 50C. The supernatant was removed, and the pellet was washed again with cold acetone and centrifuged. The precipitated O-deacylated LOS was then resuspended in 500 ,il of water and lyophilized.
Purification of O-deacylated LOS. After acetone precipitation, O-deacylated LOS was in most cases pure enough to be analyzed directly by mass spectrometry. In some cases, however, gel filtration chromatography was carried out to provide a more purified final preparation. For gel filtration chromatography, typically 1 mg of O-deacylated LOS was dissolved in 100 pl of column buffer consisting of 50 mM triethylamine acetate (pH 7). The sample was then loaded onto a Bio-Gel P4 column (1.5 cm inside diameter by 25 cm; 400 mesh) and eluted isocratically at a flow rate of 0.4 ml/min with refractive index detection.
Mass spectrometric analysis. O-Deacylated LOS was analyzed by ESI-MS (7) with a VG Bio-Q mass spectrometer with an electrospray ion source. Scans were taken in the negative-ion mode over the mlz range of 300 to 2,000 at a resolution of -500. LOS samples were dissolved in distilled water at a final concentration of 1 to 3 pg/pl, and 3-pl aliquots were injected via a Rheodyne injector into a constant stream of H20-acetonitrile (1/1, vol/vol) containing 1% acetic acid or 0.1% triethylamine. A flow rate of 2 to 4 ,ul/min was maintained throughout the analysis via an Isco syringe pump. Mass calibration was carried out with an external horse heart myoglobin reference by using the supplied VG Bio-Q software, and the instrument was tuned up in the negative-ion mode with sulfated cholecystokinin-8 (Peninsula Laboratories). Spectra were averaged over several scans and digitally smoothed with a 5-or 10-point smoothing routine. For relatively abundant peaks, the accuracy was + 0.3 m/z, but accuracy was worse for the poorly defined peaks of lower abundance (+0.4 to 0.8 mlz). For calculating the predicted molecular weights of these LOS, the following interval average mass values were used: hexose, 162. through C) are listed in Table 1 .
In Fig. 1 (42) . In addition to these two major peaks, smaller sets of peaks were also seen in the mlz 800 to 860 and 1,050 to 1,100 regions. The two largest peaks in the mlz 800 to 860 region, mlz 831.0 and 852.9, would nominally correspond to the addition of phosphate and PEA to the major doubly charged LOS peak at mlz 791.6 (Mr of 1584.9) under the assumption that they too were doubly charged peaks containing the expected diphosphoryl lipid A moiety (see Table 1 ). This interpretation is reasonable in light of the presence of heptose, which is known to be an acceptor for phosphate and PEA. Closer inspection of the peaks in the 1,050 to 1,100 region revealed them to be triply charged dimers of the major species, i.e., (M2 -3H)3-. Such multiply charged dimers have only been observed when a dominant peak is encountered and relatively high concentrations of LOS (22 pg/pl) are used in the ESI-MS experiment.
The larger S. typhimurium Ra LPS gave an ESI-MS spectrum ( Fig. 2) N. gonorrhoeae LOS. The LOS from N. gonorrhoeae are likely to play important roles in the pathology of this sexually transmitted disease (11) . Alterations in the LOS, or LOS from different gonococcal strains, have been shown to correlate with serum sensitivity and serum resistance (35, 44) . The electrospray spectra of two gonococcal LOS, one from a genetic construct originally thought to contain only KDO and lipid A, strain FA5100 (36) , and the serumsensitive wild-type strain F62 (51), are shown in Fig. 4 and 5 .
On the basis of partial LOS structure determined earlier for the N. gonorrhoeae FA5100 LOS (39), the O-deacylated form would be predicted to yield the same mass as that observed in the ESI-MS spectrum of S. typhimunium Rd2 LPS (Table 1) . Within experimental error, the ESI-MS spectrum shown in Fig. 4 (17) . The lack of such an anhydro form in the isobaric S. typhimunum Re LPS suggests that there may be a difference in the linkage between the KDOs that makes the gonococcal LOS more susceptible to undergo the loss of water. The presence of an LOS species 123 Da higher in mass than that expected for the gonococcal FA5100 LOS is almost certainly due to the presence of a PEA moiety. Previous LSIMS analysis of this same O-deacylated LOS did not detect the mass for this PEA-containing species, but given the low signal abundance for even the major LOS species in the LSIMS spectrum, it is dC-2H)2- Table 1. unlikely that this minor PEA-containing species would have been observed above the background (17) . The peak at mlz 830.8 would correspond to phosphate addition to the major LOS species. In support of this interpretation, two small peaks at mlz 554.2 and 595.1 were also observed, the former of which corresponds to the triply charged state of the same component that gave the doubly charged peak at m/z 830.8, yielding an average Mr of 1,664.6. The peak at m/z 595.1, if it too is a triply charged peak, would yield an LOS with an Mr of 1,788.3, a value consistent with an LOS containing an additional PEA as well as phosphate (calculated Mr = 1,788.6). These higher charged states are only present for the two species containing additional phosphate groups, which would be expected to be capable of stabilizing higher charged (or deprotonation) states. Therefore, in addition to the major species heptose-KDO2-O-deacyl-lipid A, three additional phosphorylated species could be assigned, containing an additional phosphate, PEA, or phosphate plus PEA (or pyrophosphorylethanolamine).
Like the ESI-MS spectrum of the S. typhimurium Re LPS, a set of peaks were also seen in the m/z 1,050 to 1,150 region, but these were considerably more complex. This increased complexity arises from the formation of both homo-and heterodimers of the three major LOS species as their triply charged ions, i.e., (MAMA -3H)3-, (MAMB -3H) -, (MAMC -3H)3-, (MBMB -3H) -, etc. These dimeric species were not observed in any other LOS preparations except the S. typhimurium Re LPS, and their presence in these two isolates is probably dependent on the greater signal abundance and dominance of one major LOS component.
The ESI-MS spectrum of the LOS from N. gonorrhoeae F62 shown in Fig. 5 (17) .
Sialylation of N. meningitidis LOS. Endogenous sialylation of N. meningitidis LOS has been noted recently (25) and is evident in the ESI-MS spectrum of strain B6275 as shown in Fig. 6 . In this spectrum, a major peak is seen at m/z 1,067.8 (triply charged), with its smaller quadruply charged counterpart at mlz 801.4 (not shown). This yields an averaged Mr of 3,208.0 and is in agreement with the molecular weight of the sialylated LOS previously determined for the HF-treated component (25) (30, 46) . Several H. influenzae strains were examined by electrospray mass spectrometry, and the ESI-MS spectra of two of them, nontypeable strain 2019 and type b strain A2, are shown in Fig. 7 . In the ESI-MS spectrum of H. influenzae 2019 (Fig. 7A) , two major peaks dominate at mlz 799.0 and 1,198.7 and belong to an LOS with an Mr of 2,399.7 as the triply and doubly charged molecular ions, respectively. This molecular weight is consistent with the structure of the lactose-containing hexasaccharide previously identified from the acid-released oligosaccharide fraction, i.e., Gal,1-> 4Glcpl-*(Hepa-l 2Hepa1l-3)4Hepa-l-5KDO, containing a phosphate on KDO and two PEA moieties (37) . In fact, an earlier ESI-MS spectrum of this LOS preparation taken in the positive-ion mode provided the first clear evidence for a phosphate on KDO (37) . This modified KDO was first identified as its anhydro form in the oligosaccharide fraction but was suspected. of containing a 4-linked phosphate that underwent -elimination during the mild acid hydrolysis step used to liberate the oligosaccharide from the lipid A (37, 39) . In addition to this expected LOS species, there is evidence in this ESI-MS spectrum for at least five other triply charged LOS components with Mrs of 2,238.9 (mlz 745.3), 2,523.0 (m/z 840.0), 2,601.6 (m/z 866.2), 2,724.6 (mhz 907.2), and 2,888.7 (mkz 961.9). By mass difference, these latter five LOS species differ from the major LOS by a single hexose Table 1. truncation (calculated Mr = 2,237.9), addition of PEA (calculated Mr = 2,523.1), addition of two or three hexoses (calculated Mr = 2,724.3 or 2,886.5), or addition of two hexoses and loss of one PEA (calculated Mr = 2,601.3).
In the corresponding ESI-MS spectrum of H. influenzae A2 (Fig. 7B) , a much more complex set of peaks is seen that represents a similar set of lower-mass components, as well as a unique series of larger ones. For example, the peak at mlz 906.7 (triply charged ion for Mr of 2,723.1) and the pair at mlz 866.1 and 1,299.2 (triply and doubly charged ions for Mr of 2,600.8), yield molecular weights of LOS that are within experimental error identical to two of the six components seen in the ESI-MS spectrum of H. influenzae 2019. Preliminary analyses of the oligosaccharide fraction revealed these two LOS components may represent different but isobaric structures (Table 1) . Evidently, the LOS from the typeable A2 strain has a different branch structure than the nontypeable 2019 strain and is capable of making a series of hexose-extended analogs. These extended LOS species are evident from the sequential addition of 54 m/z (or 162 Da; Am hexose) in this triply charged region to the base peak at-mlz 866.1, yielding the ion series mlz 919.8, 974.3, 1,027.8, and 1,082, for a total of eight hexoses on the intact LOS. The peak at m/z 906.7 provides evidence for a second PEA group attached to the major LOS which had not been observed in previous LSIMS analyses of the oligosaccharide region (38) . The PEA is also present in small amounts in the other hexose-extended (or truncated) LOS species as well but is less obvious because of the lower relative signal abundances. Perhaps most significant of all is the presence of a minor species at mlz 1,084.4 that would nominally correspond to an LOS containing, in addition to five hexoses, a single N-acetylhexosamine and sialic acid. The sialic acid content of H. influenzae A2 LOS has been reported to be 0.4% by weight (27) , but prior to these data there had been no convincing evidence that sialic acid was located on any specific LOS species. H. ducreyi LOS. H. ducreyi is a genital pathogen that can cause chancroid, a genital ulcer disease (29) . The LOS from this organism can itself cause skin lesion formation when tested in the rabbit dermal model (3, 45) , and differences in LOS composition have been linked to differences in the virulence of various strains (33) . The O-deacylated LOS from one such strain, H. ducreyi 35000, is shown in Fig. 8 . This ESI-MS spectrum contains almost all of the elements of heterogeneity that have been observed in the previous LOS and LPS preparations. Although there is a single dominant peak at m/z 902.9, there is also a series of extended and truncated analogs, one of which is sialylated. Indeed, it was the unexpected peak at mlz 999.8 that provided the first evidence that H. ducreyi LOS contained sialic acid. This spectrum, like the ESI-MS spectra of H. influenzae A2 and 2019, also provided evidence for the additional phosphate group on KDO, which is lost during the acid hydrolysis step used to isolate the oligosaccharide portion. Overall, this ESI-MS spectrum contains considerable information about the structure of these LOS. First, the base peaks at mlz 902.9 can be assigned as the triply charged ion for the previously identified major oligosaccharide component (see Table 1 ) (28) . From (13, 28) . So far, all Haemophilus strains examined by ESI-MS support the presence of a third phosphate, suggesting that it is likely to be an invariant feature of the LOS present in these bacteria. The biological importance of this phosphate is unknown, but given its location between the lipid A and the inner-core heptose region, it may exert an effect on LPS-LPS or LPS-protein interactions or possibly influence the conformation of the lipid moiety, which has at least one of its two phosphate groups in close proximity.
Sialylation of Neisseria and Haemophius LOS. Previously, we reported on the sialylation of several meningococcal and gonococcal strains (25) (26) (27) , an alteration that is likely to have important implications in the organism's ability to evade lysis by human serum (35, 44) or killing by human neutrophils (6, 20, 41) . In one of these studies (25) (25) . In contrast, the electrospray spectrum of the same O-deacylated LOS produced much more abundant and welldefined peaks for both the sialylated and nonsialylated LOS species. The ESI-MS spectrum also suggested a much higher level of sialylation (-85%) than that previously estimated from the LSIMS spectrum of the HF-treated LOS (-50%) or that based on the sialic acid content of LOS, i.e., 15.3 jg of sialic acid per mg of LOS, or =20% (25). This is not entirely unexpected, because HF treatment used in the LSIMS analysis would cleave some portion of the acid-sensitive sialic acid glycosidic bonds and any measurement of sialic acid content based on the weight of LOS would also be expected to provide a potentially low estimate because of the presence of any impurities (e.g., salts) in the LOS preparation. Sialylation has also been reported for H. influenzae and H. ducreyi LOS. We have found, for example, that H. influenzae A2 LOS contains 0.4% sialic acid by weight (or 3 to 5 mol% ratio) (27) , but no structural data on an intact LOS species had been found to support this observation. The ESI-MS data from this LOS preparation, if they stand up to further experimental scrutiny, represent the first structural evidence based on an LOS species for the presence of sialic acid. Furthermore, the ESI-MS spectrum of H. influenzae A2 LOS provides a rough estimate of the sialylated LOS population (-4% mole ratio on the basis of relative peak areas) that is consistent with the previous weight estimate (27) . The data on H. influenzae A2 also indicated a branching of the biosynthetic pathway, one path leading to the formation of lactosamine, which is terminated by sialylation, the other leading to a further extension of an all-hexose branch. Preliminary data have since been obtained that indicate the assignments of these crucial peaks in the H. influenzae A2 (as well as H. ducreyi 35000) LOS spectra are indeed correct, because treatment with neuraminidase removes the peaks corresponding to the sialylated LOS and shifts their observed molecular weights 291 Da lower (38) .
Implications of the ESI-MS methodology. A mass spectrometric method for precise molecular weight determination of LOS mixtures from gram-negative bacteria has been presented. This method complements existing physical and chemical methods for the analysis of lipid A and oligosaccharides derived from LOS and R-type LPS. In terms of both mass accuracy and resolution, it is clearly a major improvement over the SDS-PAGE techniques employed for molecular weight analysis of LOS. ESI-MS analysis of the O-deacylated LOS provides an overall mass constraint on a relatively intact form, therefore allowing preliminary composition assignments to be made as well as identification of acid-labile moieties, such as sialic acid and phosphate linked to KDO.
In the cases studied here, O-deacylated LOS from a diverse set of bacterial sources have all yielded abundant deprotonated molecular ions under ESI-MS conditions. The most abundant charge states in virtually all cases were those that reflected the solution charge state under acidic conditions (pH =2 to 3) . This generalization appears to be true whether or not the LOS is ionized under acidic or basic conditions and closely parallels the number of highly acidic unsubstituted phosphate groups. Because all of the LOS (and LPS) examined in this study appeared to contain exclusively diphosphoryl lipid A, the major charge states observed in the negative-ion mode were at least the doubly deprotonated form (M -2H)2-. Additional phosphates on the oligosaccharide portion inevitably shifted the observed deprotonated molecular ions to the triply and quadruply charged states, as would be expected from the presence of additional sites for negative charge stabilization. Indeed, the shift to higher charge states in itself provided important information about the degree of phosphorylation of the LOS species. Although some LOS are capable of ionization in the positive-ion mode through the presence of primary amines such as a PEA group or groups on the oligosaccharide portions (37), the lack of more than one such site or absence of PEA groups altogether in many cases supports the use of negative-ion ESI-MS as the method of choice for routine LOS analyses. Although we have not attempted to use the ESI-MS spectra in any real quantitative sense, the ion abundances of the different LOS are in broad and often quite good agreement with the LOS populations expected from detailed analyses of the separated oligosaccharide moieties. Therefore, the ESI-MS data are likely to be a reasonably good estimate of differing LOS populations and can be used to help understand the molecular basis of differential and variable LOS expression.
This ESI-MS-based technique has also provided evidence showing many LOS preparations to be more heterogeneous in the oligosaccharide portion than might have been predicted on the basis of characterization of the component oligosaccharides alone. This was particularly true of the Haemophilus LOS species that had undergone previous and extensive oligosaccharide analyses. In many cases, a truncated or extended LOS analog was not seen in the oligosaccharide analysis, and this information could be of value in directing oligosaccharide characterization studies. The information contained in these spectra also has important ramifications in understanding LOS (and LPS) biosynthesis because it provides much more meaningful and interpretable data on probable sugar compositions and, therefore, a clearer picture of the biosynthetic pathways utilized by these organisms.
